Introduction
Lithium-ion (Li-ion) electrochemistry-based secondary batteries are now widely used for electrification of automotive vehicles due to several advantages, including high energy density, low self-discharge and portability [1, 2] . Greenhouse gases emission legislation has driven the automotive industry to develop fully electric vehicles (EV), hybrid or plug-in hybrid electric vehicles (HEV/PHEV) with low carbon emissions [3, 4] . To assist in meeting emission legislation, automotive manufacturers are moving towards lightweight applications, intelligent automation or adapting new powertrain technology based on hybrid or pure secondary batteries. Furthermore, Li-ion batteries are progressively being used for large-scale energy storage systems for grid applications [5] . As a consequence, there is substantial demand for battery manufacturing which involves a large number of individual cells to be connected either in series or parallel to deliver the required power and driving range [6] . For example, the widely used pouch cell format uses a tab-to-busbar connection as the electrical interconnect. Based on the module design, a number of pouch cells are to be connected within a module and several modules are arranged in a battery pack or storage unit. Therefore, a large number of tab-to-busbar joints are inevitable, and each must provide electrically and thermally suitable connections in which vehicles are often exposed to harsh driving conditions [7] . The busbar plays an important role in providing desired electrical and thermal characteristics combined with mechanical strengths. In general, the selection of busbar material and its thickness are largely based on the current carrying capacity, mechanical and electrical characteristics and cost [8] . In addition, busbar material and thickness play a vital role in avoiding excessive heat generation at the tab-to-busbar interconnects. Copper and aluminium are the widely used as busbar materials across the electrical, power, electronic
Experimental Details
The experimental plan was developed based on the joining requirements for different busbar thicknesses. Material selection, ultrasonic metal welded sample preparation, test set-ups for mechanical strength, electrical resistance and thermal characterisation are described in this section.
Tab and Busbar Materials
Typically, a pouch cell consists of two terminal tabs that protrude through seals to allow external connection [31] . In general, nickel-coated copper (Cu [Ni] ) and aluminium (Al) are widely accepted tab materials for pouch cells and act as the negative and positive terminals, respectively. In this study, 0.3 mm Cu [Ni] and Al tabs were used for the experimental investigations. The selection of bus bar material and corresponding thickness depends on module capacity, thermal management and current carrying capacity. Copper and aluminium are the most commonly used materials for busbar applications in electrical equipment [9] and their general properties at 20 • C based on the International Annealed Copper Standard (IACS) are listed in Table 1 . Although copper is better in World Electric Vehicle Journal 2019, 10, 55 3 of 13 terms of electrical resistivity, tensile strength and thermal conductivity, Pryor et al. [9] argued that due to higher density of copper, when weight is taken into consideration, aluminium has a conductivity that is approximately 1.85 times that of copper. As a consequence, for applications where weight is a concern (e.g., automotive electric vehicle applications), aluminium may be the better choice. Copper may be the better alternative when size and space are important. However, a comparative study of different busbar materials/thicknesses considering mechanical strength, electrical resistance and thermal behaviour of joints using ultrasonic metal welding is missing from the literature. The main objectives of this study were to conduct a comparative study between aluminium and copper busbars when they are used for pouch-cell-based battery pack manufacture. Joint behaviour is characterised in terms of mechanical strength, electrical resistance and temperature rise. To identify the joint characteristics, Cu and Al busbar materials were chosen with varying thicknesses. The details of tab and busbar materials, their specifications and corresponding thicknesses are listed in Table 2 . In general, the Ni-coated copper is commonly used as tabs, and nickel coating of approximately 2 µm was used for this experimental investigation. The copper tabs are generally connected with cell electrodes and Ni coating is mainly used for corrosion resistance, whereas the copper busbar is externally connected to the tabs. Both busbar and tab sample coupon dimensions were 100 mm in length by 25 mm in width [21] , as shown in Figure 1b . Figure 1b shows the typical arrangement of placing the ultrasonic weld nugget (i.e., 10 mm × 5 mm) at the centre of 25 mm overlap between tab and busbar. This lap configuration was used for both electrical and thermal characterisation. The T-peel test was used to evaluate joint strength with respect to the ultrasonic welding parameters. It can be observed from the literature that researchers have used welding pressure, welding time and amplitude as the most influencing weld parameters 
Tab-To-Busbar Joints Using Ultrasonic Metal Welding
As ultrasonic metal welding is most suitable for thin to thick material, the tab was used as the upper part and the busbar as the lower during joining, i.e., the sonotrode oscillation with defined amplitude propagated from the tab to the busbar which was supported by the stationary anvil. Ultrasonic metal welding was performed using a Telsonic MPX ultrasonic welder as shown in Figure 1a operating at 20 kHz, having 6.5 kW maximum power and allowable amplitude variation from 30 to 60 µm. Figure 1b shows the typical arrangement of placing the ultrasonic weld nugget (i.e., 10 mm × 5 mm) at the centre of 25 mm overlap between tab and busbar. This lap configuration was used for both electrical and thermal characterisation. The T-peel test was used to evaluate joint strength with respect to the ultrasonic welding parameters. It can be observed from the literature that researchers have used welding pressure, welding time and amplitude as the most influencing weld parameters to achieve satisfactory weld strength and weld quality [23, 24] . In this study, 0.3 mm Cu[Ni] and Al tabs were welded to 1.0 mm Cu and Al busbars, respectively, to identify satisfactory process parameters by varying welding pressure, welding time and amplitude of ultrasonic vibration. The process parameters and corresponding levels are given in Table 3 . The trigger mode time was set at 0.2 s which allowed converting of the traversing pressure to welding pressure. The welding pressure was varied from 0.5 to 4.0 bar with incremental increases of 0.5 bar while amplitude of vibration and welding time were set at 35 µm and 0.25 s, respectively. These parametric values were chosen based on pilot tests. Five levels of amplitude were chosen from 30 to 50 µm with increments of 5 µm while welding pressure was kept constant at 1.5 bar and welding time at 0.25 s. Similarly, the welding time was increased from 0.15 to 0.55 s at 0.15 s intervals when welding pressure and welding amplitude were held at 1.5 bar and 50 µm, respectively. Table 3 . Level of process parameters for experimentation.
Process parameter Value
Welding pressure (bar) 0.5, 1.0, 1. 
Set-Up for Mechanical Strength Characterisation
The output variable chosen to represent the weld quality was the maximum load obtained from the T-peel tests. These T-peel tests were performed to evaluate the effects of welding process parameters on the joint strength. The test set-up for the T-peel test is shown in Figure 1c where the samples (i.e., open end of tab and busbar) were bent by 90 • in opposite directions allowing them to be held by a lower static grip and upper moving grip. Using an Instron 3367 static test frame with 30 kN load cell, a test speed of 20 mm/min was applied to perform the T-peel tests in order to minimise the unexpected dynamic effect for weld failure [20] . The peak load during the T-peel test was recorded in order to evaluate the mechanical strength of the weld and further used as a measure of weld performance. To obtain preferred process parameters with satisfactory T-peel load, tests were performed using the samples produced as listed in Table 3 . Each test variant was repeated three times, and the average of the three replicates was used for analyses. Relying on the load-displacement characteristics, Das et al. [13] defined three weld conditions which were under-weld, good-weld and over-weld. Furthermore, they explained these three categories using weld cross-sectional images where under-weld showed un-bonded gaps between the mating surface, good-weld exhibited uniform bonding along the weld cross-section, and over-weld was excessive thinning with a tab broken zone. This weld classification was used in this study while evaluating the weld quality using T-peel tests.
Set-Up for Electrical and Thermal Characterisation
In order to evaluate the electrical resistance and temperature rise at the joint, the lap configuration samples, as shown in Figure 1b , were produced using the parameters corresponding to maximum strength in the T-peel test. The schematic representation and test set-up for electrical and thermal characterisation are shown in Figure 2 . The sample was mounted in a fixture using brass blocks which were connected to the power supply and voltage sensor. An additional voltage sensor was placed to measure the potential difference across the joint when current was applied. The resistance was calculated using the induced voltage due to the application of current. As a result of resistive heat loss, the weld area heated up and the corresponding temperature rise was measured using a thermal camera placed directly above the weld location. A FLIR T440 thermal camera was employed to record the joint temperature during the current application. It has been reported that Li-ion pouch cells are often exposed to aggressive automotive duty cycles, such as a race cycle, which are dominated by a high current application up to 300 amp [33, 34] . As the purpose of this study was to characterise the joint behaviour based on the busbar thickness, a high value of current, i.e., 250 amp, was passed through the joint for 60 s to visualise the temperature rise. As a result of this current application, the resistance change coupled with temperature rise at the joint area was captured.
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Results and Discussion

Joint Strength Behaviour
In order to obtain the satisfactory ultrasonic welding process parameters for 0.3 mm Cu[Ni] and Al tabs for different busbar materials and thicknesses, as shown in Table 2 , the mechanical strength of the weld was evaluated by performing T-peel tests. Initially, 0. 
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Joint Strength Behaviour
In order to obtain the satisfactory ultrasonic welding process parameters for 0.3 mm Cu[Ni] and Al tabs for different busbar materials and thicknesses, as shown in Table 2 , the mechanical strength of the weld was evaluated by performing T-peel tests. Initially, 0. pressure when varying busbar thicknesses were used. The effect of amplitude on T-peel strength for both the joint configurations are plotted in Figure 3b . In general, under-welds were produced at low value of amplitudes (e.g., at 30/35 µm) and gradually shifted towards good-welds as amplitude increased [13] . For both configurations, an amplitude of 50 µm produced joints with the highest T-peel strength and was selected for electrical and thermal characterisation. A steady increase in T-peel load was observed with increasing welding time, as shown in Figure 3c , especially for the 0.3 mm Cu[Ni] tab to 1.0 mm Cu busbar joint, where a 0.55 s welding time resulted in the highest average T-peel load of 261 N. In contrast, T-peel load was slightly reduced for 0.3 mm Al tab to 1.0 mm Al busbar joints at 0.55 s due to excessive deformation and an over-weld condition [13] . As a balance between under-weld and over-weld, a 0.35 s welding time was preferred for producing joints of 0.3 mm Al tabs to varying thicknesses of Al busbars. The preferred welding pressure, welding amplitude and welding time are listed in Figure 3d which was used for producing samples for electrical and thermal characterisation. recommended for further evaluation. The highest T-peel load and acceptable top surface deformation were obtained at 1.5 bar welding pressure. Similarly, for 0.3 mm Cu[Ni] tab to 1.0 mm Cu busbar joints, welding pressure of 1.5 bar produced the highest T-peel strength. Therefore, for both the 0.3 mm Al tab to 1.0 mm Al busbar and 0.3 mm Cu[Ni] tab to Cu busbar joints, 1.5 bar was chosen as the welding pressure when varying busbar thicknesses were used. The effect of amplitude on T-peel strength for both the joint configurations are plotted in Figure 3b . In general, under-welds were produced at low value of amplitudes (e.g., at 30/35 µm) and gradually shifted towards good-welds as amplitude increased [13] . For both configurations, an amplitude of 50 µm produced joints with the highest T-peel strength and was selected for electrical and thermal characterisation. A steady increase in T-peel load was observed with increasing welding time, as shown in Figure 3c , especially for the 0.3 mm Cu[Ni] tab to 1.0 mm Cu busbar joint, where a 0.55 s welding time resulted in the highest average T-peel load of 261 N. In contrast, T-peel load was slightly reduced for 0.3 mm Al tab to 1.0 mm Al busbar joints at 0.55 s due to excessive deformation and an over-weld condition [13] . As a balance between under-weld and over-weld, a 0.35 s welding time was preferred for producing joints of 0.3 mm Al tabs to varying thicknesses of Al busbars. The preferred welding pressure, welding amplitude and welding time are listed in Figure 3d which was used for producing samples for electrical and thermal characterisation. 
Joint Electrical Resistance Behaviour
Due to application of 250 amp current through the joints, the induced voltage across the joints was measured using the voltage sensors as shown in Figure 2 . Based on the induced voltage, the electrical resistance was determined at the joint area for two different tab-based configurations, i.e., 0.3 mm Al tabs and 0.3 mm Cu[Ni] tabs to different busbars. As current was applied for 60 s, it was observed that the resistance was slowly increasing within the period of current application due to heat generation, although the gradient of the profile depends on the busbar material and corresponding thickness. Figure 4a 
Due to application of 250 amp current through the joints, the induced voltage across the joints was measured using the voltage sensors as shown in Figure 2 . Based on the induced voltage, the electrical resistance was determined at the joint area for two different tab-based configurations, i.e., 0.3 mm Al tabs and 0.3 mm Cu[Ni] tabs to different busbars. As current was applied for 60 s, it was observed that the resistance was slowly increasing within the period of current application due to heat generation, although the gradient of the profile depends on the busbar material and corresponding thickness. Figure 4a shows the electrical resistance change of the 0.3 mm Al tab to different thicknesses of Al/Cu busbar joints due to application of current. Under a uniform flow of electric current, the electrical resistance is expressed as R = ρl/A, where ρ represents the resistivity, l is the length and A is the cross-sectional area [30, 35] . Furthermore, Das et al. [30] reported detailed theoretical analysis and simulation methodology for electrical and thermal characterisation based on a single tab-to-busbar joint.
In this experimental investigation, voltage sensors were placed across the joints, keeping the length of measured length constant. Similarly, identical ultrasonic welding parameters were used to produce uniform joints using different thicknesses of busbars to avoid variation during welding operation. However, the cross-sectional area depends on the thickness of the busbar. As the thickness of the busbar increases, it is expected to reduce the resistance of the measured joint. It is worth noting that the starting resistance gradually decreases with increasing thickness of the busbar due to the fact that the resistance decreases with increasing cross-sectional area as the current value remains constant. For example, the starting resistance values were 0.089, 0.087, 0.080 and 0.065 mΩ for the 0.3 mm Al tab to 1.0, 1.5, 2.0 and 2.5 mm Al busbars, respectively. Comparatively low change in starting resistance was observed for Cu busbars, e.g., 0.084, 0.083 and 0.080 mΩ were obtained from the 0.3 mm Al tab to 1.0, 1.5 and 2.0 mm Cu busbars. Accordingly, lower busbar thickness gave higher change in resistance values due to the application of current. For example, a 0.034 mΩ resistance increase was obtained for the 0.3 mm Al tab to the 1.0 mm Al busbar joint. These resistance change values decreased with increasing busbar thickness, e.g., 0.024, 0.021 and 0.016 mΩ resistance changes were obtained from the 0.3 mm Al tab to 1.5, 2.0 and 2.5 mm Al busbar joints. Similar behaviour was also observed for the 0.3 mm Al tab to varying thicknesses of Cu busbar joints. The percentage change in resistance values for varying thicknesses of Al and Cu busbars are shown in Figure 4b . It is worth noting that similar changes in resistance value were obtained from the 2.0 mm Al busbar (i.e., 26.30%) and the 1.5 mm Cu busbar (i.e., 26.92%) or the 2.5 mm Al busbar (i.e., 24.33%) and 2.0 mm Cu busbar (i.e., 23.54%) joints. electric current, the electrical resistance is expressed as R = ρl/A, where ρ represents the resistivity, l is the length and A is the cross-sectional area [30, 35] . Furthermore, Das et al. [30] reported detailed theoretical analysis and simulation methodology for electrical and thermal characterisation based on a single tab-to-busbar joint.
In this experimental investigation, voltage sensors were placed across the joints, keeping the length of measured length constant. Similarly, identical ultrasonic welding parameters were used to produce uniform joints using different thicknesses of busbars to avoid variation during welding operation. However, the cross-sectional area depends on the thickness of the busbar. As the thickness of the busbar increases, it is expected to reduce the resistance of the measured joint. It is worth noting that the starting resistance gradually decreases with increasing thickness of the busbar due to the fact that the resistance decreases with increasing cross-sectional area as the current value remains constant. For example, the starting resistance values were 0.089, 0.087, 0.080 and 0.065 mΩ for the 0.3 mm Al tab to 1.0, 1.5, 2.0 and 2.5 mm Al busbars, respectively. Comparatively low change in starting resistance was observed for Cu busbars, e.g., 0.084, 0.083 and 0.080 mΩ were obtained from the 0.3 mm Al tab to 1.0, 1.5 and 2.0 mm Cu busbars. Accordingly, lower busbar thickness gave higher change in resistance values due to the application of current. For example, a 0.034 mΩ resistance increase was obtained for the 0.3 mm Al tab to the 1.0 mm Al busbar joint. These resistance change values decreased with increasing busbar thickness, e.g., 0.024, 0.021 and 0.016 mΩ resistance changes were obtained from the 0.3 mm Al tab to 1.5, 2.0 and 2.5 mm Al busbar joints. Similar behaviour was also observed for the 0.3 mm Al tab to varying thicknesses of Cu busbar joints. The percentage change in resistance values for varying thicknesses of Al and Cu busbars are shown in Figure 4b . It is worth noting that similar changes in resistance value were obtained from the 2.0 mm Al busbar (i.e., 26.30%) and the 1.5 mm Cu busbar (i.e., 26.92%) or the 2.5 mm Al busbar (i.e., 24.33%) and 2.0 mm Cu busbar (i.e., 23.54%) joints. Similarly, joints of the 0.3 mm Cu[Ni] tab to varying thicknesses of Al/Cu busbars have incremental change in electrical resistance due to the application of current which are shown in Figure 5 . In the case of 0.3 mm Cu[Ni] tab-to-busbar joints, it was observed that electrical resistance at the start of the current application was almost the same for joints having a busbar thickness of (i) 1.5 mm Al and 1.0 mm Cu (i.e., 0.057 mΩ), (ii) 2.0 mm Al and 1.5 mm Cu (i.e., 0.050 mΩ) and (iii) 2.5 mm Al and 2.0 mm Cu (i.e., 0.046 mΩ). Furthermore, it is evident from Figure 5a that the gradient of resistance change decreases with the increasing thickness of the busbar, and with higher thicknesses of busbar, the electrical resistance change profile exhibited a plateau. In line with starting resistance, the range of resistance increase (i.e., the difference in resistance values at the end and start of current application) gradually decreased with increase of busbar thickness for the same materials. For example, maximum incremental increase of 0.013 mΩ was obtained for the 0.3 mm Cu[Ni] tab to 1.0 mm Al busbar joint, and thereafter, the range of resistance increase was gradually decreased to 0.010, 0.006 and 0.005 mΩ for 1.5, 2.0 and 2.5 mm Al busbars, respectively. In the case of 0.3 mm Cu[Ni] tab to varying Cu busbar joints, ranges of resistance increase were 0.0089, 0.0053 and 0.0049 mΩ for 1.0, 1.5 and 2.0 mm Cu busbars, respectively. The percentage changes in resistance for a 0.3 mm Cu[Ni] tab to varying busbars are shown in Figure 5b . A maximum of 20.52% increase in electrical resistance was obtained from the 0.3 mm Cu[Ni] tab to 1.0 mm Al busbar joint and lower values were obtained from 2.5 mm Al busbars or 2.0 mm Cu busbars. The maximum absolute values of electrical resistance obtained at the end of current application from all the tab and busbar combinations are tabulated in Table 4 . It can be observed that an average electrical resistance obtained from a 0.3 mm Cu[Ni] tab is 0.6 times lower than a 0.3 mm Al tab, irrespective of busbar selection. Similarly, joints of the 0.3 mm Cu[Ni] tab to varying thicknesses of Al/Cu busbars have incremental change in electrical resistance due to the application of current which are shown in Figure 5 . In the case of 0.3 mm Cu[Ni] tab-to-busbar joints, it was observed that electrical resistance at the start of the current application was almost the same for joints having a busbar thickness of (i) 1.5 mm Al and 1.0 mm Cu (i.e., 0.057 mΩ), (ii) 2.0 mm Al and 1.5 mm Cu (i.e., 0.050 mΩ) and (iii) 2.5 mm Al and 2.0 mm Cu (i.e., 0.046 mΩ). Furthermore, it is evident from Figure 5a that the gradient of resistance change decreases with the increasing thickness of the busbar, and with higher thicknesses of busbar, the electrical resistance change profile exhibited a plateau. In line with starting resistance, the range of resistance increase (i.e., the difference in resistance values at the end and start of current application) gradually decreased with increase of busbar thickness for the same materials. For example, maximum incremental increase of 0.013 mΩ was obtained for the 0.3 mm Cu[Ni] tab to 1.0 mm Al busbar joint, and thereafter, the range of resistance increase was gradually decreased to 0.010, 0.006 and 0.005 mΩ for 1.5, 2.0 and 2.5 mm Al busbars, respectively. In the case of 0.3 mm Cu[Ni] tab to varying Cu busbar joints, ranges of resistance increase were 0.0089, 0.0053 and 0.0049 mΩ for 1.0, 1.5 and 2.0 mm Cu busbars, respectively. The percentage changes in resistance for a 0.3 mm Cu[Ni] tab to varying busbars are shown in Figure 5b . A maximum of 20.52% increase in electrical resistance was obtained from the 0.3 mm Cu[Ni] tab to 1.0 mm Al busbar joint and lower values were obtained from 2.5 mm Al busbars or 2.0 mm Cu busbars. The maximum absolute values of electrical resistance obtained at the end of current application from all the tab and busbar combinations are tabulated in Table 4 . It can be observed that an average electrical resistance obtained from a 0.3 mm Cu[Ni] tab is 0.6 times lower than a 0.3 mm Al tab, irrespective of busbar selection. 
Joint Thermal Behaviour
Li-ion battery degradation is one of the biggest challenges in electric vehicle industries, and one of the main causes for battery aging/degradation is elevated temperature [36] . Hunt et al. [37] argued that tab temperature rise is more alarming than battery surface temperature rise, and they concluded that tab joint cooling rather than surface cooling would be equivalent to extending the lifetime of a pack by 3 times or reducing the lifetime cost by 66%. The temperature profiles of tab-to-busbar joints are reported in Figure 6 . All the tests were performed with the same initial start temperature of 25 • C and the maximum temperature obtained at the end of the tests were different, which was due to the combination of tab and busbar materials along with their associated thicknesses. 
Li-ion battery degradation is one of the biggest challenges in electric vehicle industries, and one of the main causes for battery aging/degradation is elevated temperature [36] . Hunt et al. [37] argued that tab temperature rise is more alarming than battery surface temperature rise, and they concluded that tab joint cooling rather than surface cooling would be equivalent to extending the lifetime of a pack by 3 times or reducing the lifetime cost by 66%. The temperature profiles of tab-to-busbar joints are reported in Figure 6 . All the tests were performed with the same initial start temperature of 25 °C and the maximum temperature obtained at the end of the tests were different, which was due to the combination of tab and busbar materials along with their associated thicknesses. Similar to the change in electrical resistance, the temperature at the joint increases due to heat generation and subsequent electrical resistance change. For example, the highest temperature of 96.18 • C was measured when a 250 amp current was passed through the 0.3 mm Al tab to 1.0 mm Al busbar joint for 60 s. With an increase in busbar thickness, the maximum temperature measured at the joint reduced due to a number of reasons, including initial resistance, thermal conductivity, thermal mass and electrical resistance change. For example, maximum temperatures obtained for the 0.3 mm Al tab to 1.5, 2.0 and 2.5 mm Al busbar joints were 80.27, 67.83 and 59.97 • C, respectively. In general, copper busbar-based joints were not heated as much as Al busbar-based joints due to higher thermal conductivity and lower resistance change. For instance, the temperature rise at the 0.3 mm Al tab to 2.0 mm Al busbar joint was 67.83 • C, which is considerably higher than the temperature rise at the 0.3 mm Al tab to 2.0 mm Cu busbar joint (i.e., 50.07 • C). Figure 6a ,b shows the temperature responses for the 0.3 mm Al tab to varying thicknesses of Al and Cu busbar joints, respectively. The maximum temperature obtained from the 2.5 mm Al busbar joint (i.e., 59.97 • C) is higher than the measured temperature from any of the Cu busbar joints. Therefore, the performance of copper busbar was better when Al was used as tabs. The performance of 0.3mm Cu[Ni] tab to Al and Cu busbar joints are plotted in Figure 6c ,d, respectively. As copper is electrically and thermally a better conductor than Al, the temperature rise was lower for Cu[Ni] tab-to-busbar joints. For example, the maximum temperature measured for the 0.3 mm Cu[Ni] tab to 1.0 mm Al busbar joint was 66.96 • C, which was significantly lower than the temperature obtained from the 0.3 mm Al tab to 1.0 mm Al busbar joint (i.e., 96.18 • C). A comparative percentage (%) change in temperature values obtained from 0.3 mm Al and Cu[Ni] tab-to-busbar joints are given in Figure 7 . Similar to electrical resistance responses, the average temperature increase from the 0.3 mm Al tab was 0.6 times higher than the 0.3 mm Cu[Ni] tab, irrespective of busbar selection. Similar to the change in electrical resistance, the temperature at the joint increases due to heat generation and subsequent electrical resistance change. For example, the highest temperature of 96.18 °C was measured when a 250 amp current was passed through the 0.3 mm Al tab to 1.0 mm Al busbar joint for 60 s. With an increase in busbar thickness, the maximum temperature measured at the joint reduced due to a number of reasons, including initial resistance, thermal conductivity, thermal mass and electrical resistance change. For example, maximum temperatures obtained for the 0.3 mm Al tab to 1.5, 2.0 and 2.5 mm Al busbar joints were 80.27, 67.83 and 59.97 °C, respectively. In general, copper busbar-based joints were not heated as much as Al busbar-based joints due to higher thermal conductivity and lower resistance change. For instance, the temperature rise at the 0.3 mm Al tab to 2.0 mm Al busbar joint was 67.83 °C, which is considerably higher than the temperature rise at the 0.3 mm Al tab to 2.0 mm Cu busbar joint (i.e., 50.07 °C). Figure 6a ,b shows the temperature responses for the 0.3 mm Al tab to varying thicknesses of Al and Cu busbar joints, respectively. The maximum temperature obtained from the 2.5 mm Al busbar joint (i.e., 59.97 °C) is higher than the measured temperature from any of the Cu busbar joints. Therefore, the performance of copper busbar was better when Al was used as tabs. The performance of 0.3mm Cu[Ni] tab to Al and Cu busbar joints are plotted in Figure 6c ,d, respectively. As copper is electrically and thermally a better conductor than Al, the temperature rise was lower for Cu[Ni] tab-to-busbar joints. For example, the maximum temperature measured for the 0.3 mm Cu[Ni] tab to 1.0 mm Al busbar joint was 66.96 °C, which was significantly lower than the temperature obtained from the 0.3 mm Al tab to 1.0 mm Al busbar joint (i.e., 96.18 °C). A comparative percentage (%) change in temperature values obtained from 0.3 mm Al and Cu[Ni] tab-to-busbar joints are given in Figure 7 . Similar to electrical resistance responses, the average temperature increase from the 0.3 mm Al tab was 0.6 times higher than the 0.3 mm Cu[Ni] tab, irrespective of busbar selection. 
Conclusions
This study compared the mechanical strength, electrical resistance and thermal behaviours of tab-to-busbar joints. The critical-to-quality criteria joint criteria, i.e., mechanical strength, electrical resistance and temperature rise were evaluated for 0.3 mm Al and Cu[Ni] tabs to varying thicknesses of Al and Cu busbar joints. Joint mechanical strength was measured using the T-peel tests to find the preferred joining parameters for 0.3 mm Al tabs to busbars (i.e., 1.5 bar welding pressure, 50 µm welding amplitude and 0.35 s welding time) and 0.3 mm Cu[Ni] tabs to busbars (i.e., 1.5 bar welding pressure, 50 µm welding amplitude and 0.55 s welding time). These UMW process parameters were used to produce samples for electrical and thermal characterisation. This paper significantly explores the following areas: 
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• Electrical resistance change was decreasing with the increasing thickness of busbars, and with a higher thickness of busbar, the electrical resistance change profile exhibited a plateau. It was observed that equivalent resistance changes were obtained from the 0.3 mm Al/Cu[Ni] tab to 1.5 mm Al busbar and 1.0 mm Cu busbar.
•
The electrical resistance at the start of the current application and the rate of change of electrical resistance provide additional information on the possible interchangeability of busbar materials. For example, in the case of 0.3 mm Cu[Ni] tab-to-busbar connections, equivalent electrical resistance was obtained from 1.0 Cu and 1.5 mm Al busbars, 1.5 mm Cu and 2.0 mm Al busbars or 2.0 mm Cu and 2.5 mm Al busbars.
The temperature rise profiles showed that with an increase in busbar thickness, the maximum temperature measured at the joint was reduced. The average temperature increase from the 0.3 mm Al tab was 0.6 times higher than the 0.3 mm Al tab, irrespective of busbar selection.
This paper provides guidelines for suitable busbar selection using UMW to facilitate better battery pack manufacturing. Furthermore, these results can be used for modelling and simulation to evaluate whole module performance.
